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Chapter 13

Molecular Adaptations

13.1 Introduction

In chapter 7, I explored the processes of biosynthesis.
One reason for my work there was that I need to
understand the nature of life’s chemical relationship
with the planet. How does life exploit and circulate
materials in the planetary surface environment? To help
me better see this relationship, I organized the
community of known biochemical reactions into new
kinds of categories including contact biosynthesis and
deep biosynthesis. This chapter surveys the adaptive
usefulness of the products of deep biosynthesis.

Remember that living things do not engage in
biosynthetic chemistry so they can collectively change
the world. Living things use biosynthetic chemistry for
their own selfish ends. If life’s collective biosynthetic
activity ends up changing the planet, then it can’t be
helped. Life’s influence is just another contributor to a
diverse and dynamic surface environment, which
contributes to environmental stress, which contributes
to evolution by natural selection, which contributes to
the emergence of adaptations. And the wheel goes
round and round.

Speaking of adaptations, let’s now think about the
products of biosynthesis. How can we consider them as
adaptations to Earth’s environments? And how do these
molecular adaptations help life to occupy more of the
Earth’s territory? You will see that the molecules of life
are extremely useful. They help living things grow,
operate, maintain and reproduce themselves. The
molecular products of biosynthesis can be assembled in
interesting ways to make organs (such as a root system
or an eye). They can make useful structures (such as
hard shells, or a seed casing). And they can provide
useful services (such as storing energy, expediting
chemical reactions, or fighting off infections). Some of
these constructions enable organisms to survive in
harsh environments. For example, hot spring bacteria
possess heat-tolerant enzymes, creosote bushes tolerate
hot and dry conditions, and emperor penguins tolerate
the extreme cold of Antarctic winters. On Earth,
remarkable molecular adaptations have helped different
kinds of living things colonize the world.

As planetary biologists, let us now consider some of the
molecular adaptations of life on Earth.

13.2 The ability to capture and store energy adds
convenience and power to energy management

13.2.1 Energy storage is performed by different
kinds of molecules

Being able to store energy gives living things much
greater control over their energy management needs.
Energy is needed in order to drive the reactions of
biosynthesis. Energy also is used to operate the
molecules and organs produced by biosynthesis. For
example, it takes chemical energy to make your heart
pump, your legs run, and your brain think.

Chemical energy is stored in molecules like sugar,
starch (plants), glycogen (animals), and fats (Figure
13.1). There are advantages to storing energy in
chemical form. Cells can access this stored energy at
any time when they need it. A great convenience. Sugar
molecules can be easily transported around the body to
any place where energy is needed. Sugar molecules can
even be strung
together into long
chains for very long-
term energy storage.
Long chains of sugar
molecules are called
polysaccharides.
Starch and glycogen
are examples of
polysaccharides.

(a)

(b)

(c)

Figure 13.1. Sugar cubes (a); a potato
composed mostly of starch (b); and a
steak whose protein-containing meat is
surounded by fat (c).
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13.2.2 Diverse and large life forms are supported

by energy storage molecules

Energy storage molecules support the development of
complex, multicelled life — including plants and
animals. Packaging energy as sugar and other forms
makes it easy to transport energy resources from one
cell to another. Plants and animals have circulatory
systems that carry sugars to all parts of the body. It
means that not all cells of an organism have to be
involved in energy gathering or energy production. This
frees them up to do other things.

13.3 Contracting proteins, enzymes and oxygen-carrying
molecules help make living things more active

13.3.1 Animal movement is made possible by
proteins

Animal muscles(Figure 13.2) are made out of muscle
cells that contain
protein-rich fibers.
The muscle fibers
have the unique
property of being
able to contract.
When muscles are
coupled with a
skeleton (as in
insects or humans)
the animal body can
be moved in very
precise ways.
Movement of this
sort has helped
animals to seek out
food and new
territories on the
planet. Plants have
exploited animal
freedom by using
animals to transport
sperm cells (in
pollen) and seeds.

13.3.2 Speeding up chemical reactions is done
with enzymes

Staying alive involves the potent chemistry of molecules.
If chemical reactions between life’s molecules are fast,
life is vigorous. If reactions are slow, life is sluggish.
Enzymes (Figure 13.3) are kinds of proteins that speed
up reactions between molecules inside living things.
They can quicken reactions by thousands of times.

Enzymes are the assembly line workers in the
biosynthetic factories of life. In fact, as factories cannot
function without workers, living cells cannot function
without enzymes. If a single enzyme fails, the whole

system will halt. For
instance, many
poisons act by
disabling enzymes.
Cyanide is
poisonous because it
inhibits enzymes in
aerobic respiration.
Living cells exposed
to cyanide die from
ATP starvation.

13.3.3 Animals are active with the help of oxygen-
carrying molecules

Given the dominant biochemistry on Earth, large
animals would not be possible were it not for the
presence of special oxygen-carrying molecules.
Vertebrate animals (like fish, amphibians, reptiles,
birds, and mammals) have a special oxygen-carrying
protein in their blood called hemoglobin. There also is
myoglobin in pockets of high demand muscles. Without
such molecules, and in the absence of other similar
means to support aerobic respiration, animals would
have to remain very small and would probably be very
lethargic in comparison to today. Flight would be
impossible as would running. In short, animals would
be tiny slow things. Would there be flowers in such a
world?

13.4 Nucleic acids make it possible to store, duplicate, and
distribute information

13.4.1 Information for the construction, operation,
maintenance, and reproduction of living
things is contained in the DNA

The DNA molecule (Figure 13.4, next page) has two very
important properties:
1) DNA stores information
2) DNA molecules and the information they carry can

be copied millions of times with little or no errors.

Therefore, DNA information makes reproduction
possible as it is passed from parents to their offspring.
The information DNA holds is in coded form. A
sequence of bases leads to coded words that biologists
call genes (note: there are also other ways to define,
gene). The genes represent the code for the assembly of
specific kinds of proteins, including enzymes. Since
enzymes are important workers inside the cell, DNA can
exert control over the cell by directing the assembly of
more of one kind of enzyme and less of another.

Figure 13.2. The muscle anatomy of
a human leg. The muscles and
connective tissue shown here are
composed of protein.

Figure 13.3. a stylized drawing of
an enzyme.
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13.4.2 Information is transferred within the cell by

RNA

Information is useless if there is no
way to access it. The RNA
molecules (Figure 13.5) have
a way to get at the
information held in the
DNA. RNA copies this
information
(sometimes many
times), then
distributes it to
many protein
assembly sites
in the rest of the
cell. This may
be an important
way to increase
the rate of protein assembly in the cell. As a result, RNA
is a vital component in DNA’s cellular control system.

13.4.3 The coded information in DNA can be
modified by genetic processes and evolution

Once
established
in an
individual
organism,
the DNA
usually can
be copied millions
of times with few or
no errors. But
sometimes errors happen in
the copying process. Or
damage can be inflicted from the
outside such as from ultraviolet
radiation or harsh chemicals. Such
errors are called mutations. If mutations happen during
the formation of sex cells like eggs or sperm, they will be
passed on to offspring (if the errors are not instantly
fatal to the embryo). In addition, there are a variety of
built-in ways in which the DNA information from one
parent can be reorganized. And the coming together of
DNA information from two parents during sexual
reproduction creates a new individual with a completely
unique combination of genetic information.

Together, all of these processes provide a means of
introducing innovative features in each new generation.
These new features then are tested ecologically (in real
time, see chapter 10). If their possessor survives to
reproduce, then these features could be tested again in
the following generation. This is generally how the
process of evolution by natural selection works. The
point is, evolution cannot function unless there is some
means of introducing innovations. DNA is not a rigid,

unchangeable molecule. Although its most valuable
function is its high fidelity information storage and
transfer, its vulnerability to change also is very
important in the diversification and dispersal of life.

13.5 Some molecules help living things disperse and
survive in harsh environments

13.5.1 Plants bribe animals with sugar to fertilize
and disperse seeds

Sugars and starches aid in the reproduction and
dispersal of plants. Flowering plants reward pollinating
animals by giving them nectar to drink (Figure 13.6).
Sweet fruits that
surround seeds
encourage animals
to eat and transport
the seeds to new
locations. The seeds
are nourished by
rich stores of
starches, proteins
and fats. This is why
we humans like eat
nuts and grains like
rice and wheat. They
are nutritious seeds.
Seeds use their
starch reserves to
germinate and
produce their first
leaves in a location
far from their parent.

13.5.2 Living through harsh winters is supported
by energy storage molecules

Energy storage molecules like sugars and starches help
plants disperse away from the equator into the seasonal
climate zones that have harsh winters. In the high
latitudes (like the northern US), the winters are not
good times for plants
to photosynthesize.
It is cold, the day
length is short, and
the sun’s intensity is
weaker in the winter
time. Trees can store
sugars in the sap,
and draw upon it to
energize the
production of leaves
in the spring. Beets
and potato plants
survive harsh
winters by storing
high energy starch

Figure 13.5. A drawing
of a section of RNA.

Figure 13.4. A drawing of a
portion of a DNA molecule.

Figure 13.6. A hummingbird sips
nectar from a flower and exchanges
pollen too. The pollen carries sperm
cells and fertilizes the flower (and the
seeds). In many plants, the fertilized
flower gives way to a fleshy fruit that
grows around the seeds. At right, an
apple is an example of this. The fruit
rewards larger animals who eat the
fruit, seeds and all, then drop the
seeds miles away in their dung.

Figure 13.7. A drawing of a beet
plant with its starch-rich tuber.
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in their roots, making the familiar tuber (Figure 13.7).
The following spring, the tuber’s starch reserves are
used to build new stems and leaves.

13.5.3 Thermal insulation is provided by fats and
proteins

A combination of fats (lipids) and
proteins insulate birds and
mammals in cold weather. The
ability to stay warm in cold
weather has helped birds and
mammals to disperse away
from the warm equator and
into the cooler regions of the
globe. Insulating molecules
also have supported the
return of some birds and
mammals to the sea, such
as penguins (Figure 13.8)
and dolphins. A layer of
fatty tissues surrounds the
bodies of birds and
mammals that live in cold
climates. However, since
fats tend to be heavy,
they are more widely
used by mammals
than by birds. A
notable exception is
the penguin of the
cold Antarctic.
Penguins are
swimming birds.
They don’t fly. They
collect massive
amounts of fat
during their summertime feeding excursions. The fat
serves two purposes. It insulates their bodies, and
provides a rich source of energy during the long, dark
winters of the Antarctic. Other animals that use large
amounts of fats for insulation include the great whales,
sea lions, seals, walruses, grizzly bears, and polar
bears. Birds and mammals also have a coating of fur or
feathers to help protect them from the cold.

Feathers are made out of special
proteins called keratin. Birds
have a variety of uses for
feathers, including flight,
streamlining, and insulation.
Down feathers are the light,
fluffy feathers that form the soft
undercushion of a bird’s feather
coat. Down feathers are efficient
thermal insulators. They are
highly prized by human
backpackers whose down-filled
sleeping bags are light but

nonetheless warm.
The Canadian goose
and the beautiful
snowy owl (Figure
13.9) are kept warm
in cold weather by
their thick down
feathers.

Hair is made out of
keratin proteins too.
We usually refer to
the collection of hair
on other mammals
as “fur.” The fur on a
polar bear (fig.
13.10) is thick and
long. Its hair
filaments are quite
unusual. They are
hollow. The hollow space traps air, and this provides a
very high degree of thermal insulation against the polar
bear’s chilly winters. Other mammals that live in cold
weather also have thick coats of fur, for example, the
arctic fox, the musk ox, and the timber wolf. Some
mammals protect themselves from the cold water with a
thick coat of fur, for example, sea otters, beavers, and
sea lions. But fur and feathers alone are not sufficient
to keep a sea otter or Canadian goose warm in the cold
water. They must have a way of staying dry, and fats
and waxes do that job.

13.5.4 Lipids make fur and feathers water-
repellent

Water-repelling
technology helped
animals to disperse
into cold and watery
environments. If cold
water touches the
skin of a sea otter
(Figure 13.11), duck,
Canadian goose, or
harp seal, they could
die from loss of body
heat. The fur and
feathers are
ineffective insulators
when they are wet
(ask a backpacker
about sleeping in a
wet down sleeping
bag). Birds spread
oil (made of lipids)
onto their feathers to
make them water-
repellent. Marine
mammals secrete
oils onto their fur to

Figure 13.8. A drawing of an
Emporer Penguin with its thick
layer of fat. The fat helps
insulate the bird as well as
provide energy during long
cold winters.

Figure 13.9. Snowy
Owl.

Figure 13.10. Polar bears wrestle on
the cold Arctic ice. Their thick, protein-
made fur helps keep them warm.

Figure 13.11. A Sea Otter relaxes in
the chilly water in Monterey Bay along
the northern California Coast. Its thick
fur is coated with oil secreted by
special oil glands in the skin. The oil
repels the water and keeps the otter's
skin dry, while the fur helps contain
body heat.
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make them water-repellent. These oils keep the cold
water away from the skin, and let the insulating
abilities of the fur or feathers work full force. Oil spills
are deadly to marine mammals and birds partly
because the oil destroys their water-repellent chemicals,
letting the cold water contact the skin.

13.5.5 Staying water-tight is made possible with
the use of lipids, polysaccharides and
proteins

Plants and animals living on the continents face a big
problem that doesn’t plague their aquatic counterparts
— drying out. Fats
and waxes (made
out of lipids) help
seal in the moisture
in terrestrial (land-
dwelling) plants and
animals. Plants are
vulnerable to water
loss mostly from
their leaves and
stems. This is
because the leaves
are the delicately
structured places
where the plant
exchanges gases with the atmosphere. Plants reduce
water loss from leaves and stems by coating them with
a waxy cuticle. This technology has helped plants to
move away from the rivers and lakes and into the arid
interiors of the continents. Plants now occupy some of
the driest places on Earth (Figure 13.12), aided by waxy
coatings on their
leaves.

Animals have varied
solutions to the
dehydration
problem. Some of
them are
physiological. Other
solutions have to do
with the design of
the skin. Birds and
mammals have a
tough, leathery skin,
mostly made of
keratin protein that
resists water loss. In
addition, special
glands in the skin
secrete oils that seal
in the moisture.
Reptiles (Figure 13.13) also have a leathery skin, and
their skin is covered with rugged scales
made out of keratin protein. The scales
help to conserve water. This feature
helps explain why reptiles are the most

abundant vertebrates in deserts. Insects have
addressed the dehydration problem by using a thick
exoskeleton made out of chitin filaments in a matrix of
protein. Chitin is a polysaccharide (a kind of
carbohydrate). An insect’s exoskeleton is an effective
water saving device. Their water-tight exoskeleton has
helped insects to become the most abundant animals in
all continental habitats, including deserts.

13.6 Special molecules provide structural support and
security

13.6.1 Membranes are made out of fatty acids

All cell membranes in all kinds of living things are made
out of lipids. The development of the cell was a major
accomplishment for life on Earth. Cells localized and
speeded up the biosynthesis. Cells made possible such
important life processes as photosynthesis and aerobic
respiration. The existence of the cell led to the
development of multicelled life, like fungi, plants and
animals.

13.6.2 Tall trees are supported by polysaccharides
in more ways than one

The first land plants were not tall, bushy things.
Instead, they were short, encrusting growths that clung
to the ground. Trees (figure 13.14) and tall shrubs
appeared on the scene long after the first land plants.
They became possible with the invention of strong new
kinds of structural
polysaccharides
including cellulose
and lignin and other
polysaccharides.

Cellulose and lignin
are made out of
sugar molecules
strung together in a
kind of chain.
Plants take some of
their surplus sugar,
make structural
polysaccharides,
and line each of
their cells with
them. This
technology makes
the cells structurally
strong and enables
the plant to grow
taller and taller.
Taller trees help
protect their leaves
from insect predation by lifting the delicate leaves above
the forest floor, away from the greatest concentration of
insects. With the development of cellulose and lignin,
plant life began to take on a more three-dimensional

Figure 13.12. A stylized photo of
Saguaro Cactus in the desert of
Arizona.

Figure 13.13. A lizard (above) and an
ant (below) conserve water with the
help of protein. The lizard's skin is
covered with rugged protein scales.
The ant is protected by a sturdy
exoskeleton of protein and chitin
(similar to cellulose). Figure 13.14. Giant Sequoias in

California's Sierra Nevada.
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appearance. Plants grew larger, and their
photosynthetic activities increased. Cellulose and lignin
supported the growth of forests on the continents,
increasing the overall presence and impact of life on
Earth.

When cellulose and lignin first appeared on Earth, they
were resistant to decomposition by bacteria, including
the bacteria living in the guts of insects. That meant
that bacteria and insects probably had a very difficult
time digesting plant material (which explains the huge
coal deposits that date back to the appearance of the
first land plants). Today, and with some degree of effort,
cellulolytic bacteria can cleave cellulose into individual
sugars, readying it for respiration or fermentation. But
lignin remains a tough compound that is hard to digest.
Still, cellulose and lignin provide plants a general
measure of protection against hungry  bacteria and
insects.

13.6.3 Many marine organisms make their
protective shells out of calcium carbonate

Living things began
to use solid calcium
carbonate for
structural purposes
as long ago as 2.5
billion years. The
first stromatolites
and tiny
foraminiferans
benefited from this
hard substance.
About 600 million
years ago large
animals living in the
sea (Figure 13.15)
began to protect
themselves with the
armor of calcium carbonate. This technology is still
used today. For example, clams, marine snails and
barnacles make their shells out of calcium carbonate.

Paleontologists suggest that calcium carbonate shells
became established partly because they protected
animals from
predation. This view
is supported in that
numerous fossils
from this period
show bites taken out
of them. So, the
hard shells could
have helped many
new kinds of
animals survive and
disperse in a world
increasingly
populated by
predators.

Calcium carbonate structures had later uses as well.
For example, crustaceans (like lobsters [Figure 13.16]
and crabs) deposited calcium carbonate into their
exoskeletons making them sturdy platforms for
attaching muscles.

13.7 Some plants and animals use chemical weapons

13.7.1 Unusual chemicals help protect plants and
the territory they occupy

Plants have developed chemicals that help protect them
from predation and from other plants. This is an
important capability since plants are “sitting ducks”
and cannot run away to avoid being eating or crowded
out. To a plant, territory is just about everything, and
protecting its turf from intruders is a very important
occupation. For example, the chrysanthemum flower
(Figure 13.17) produces a natural insecticide as a
defense against insects. The Piquia’ plant of the Amazon
forest produces a
molecule that
appears to be toxic
to the dreaded leaf-
cutter ants. These
ants can utterly
defoliate whole
patches of forest.
Two wild species of
potatoes from South
America produce
large amounts of a
sticky substance
that traps predatory
insects that later die
of starvation. It has
been suggested that
the oils in
eucalyptus tree
leaves encourage
fires to grow, killing
nearby seedlings.
Walnut trees release
a substance into the
soil that inhibits the
growth of other kinds of trees. In North America, poison
ivy, poison oak, and poison sumac continue to cause
painful skin rashes on high school kids.

These are just a few examples of how plants can protect
their home turf. This kind of chemical warfare possibly
has increased the chances of success of plants as their
seeds dispersed to new territories.

Figure 13.15. A Trilobite. These
peculiar creatures were among the
first kinds of animals to use calcium
carbonate in their bodies.

Figure 1316. A Spiny Lobster whose
exoskeleton is impregnated with hard
calcium carbonate.

Figure 13.17. Chrysanthemum flowers
produce their own insecticides to keep
from being eaten.
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13.7.2 Unusual chemicals are used by animals for

hunting and protection

Animals also have their arsenal of chemical weapons.
Snakes are notorious poisoners including the
rattlesnake, cobra, and sea snake. They use their
venom mainly for killing or immobilizing their prey.
Some frogs release poisons in their skin that can cause
irritation in other animals. Several kinds of South
American tree frogs (Figure 13.18) produce a deadly
substance used as an arrow poison by the local
hunters. Jellyfish and coral capture prey by injecting
passersby with venom using tiny sting cells. Stingrays
protect themselves from harassment by lashing out with
their large, venomous barb. Hungry wasps immobilize
bees and spiders with their venomous stingers.
Honeybees sting when their queen is threatened. Some
chemicals are more nuisance than harm. For example,
the skunk squirts a smelly concoction at other critters
that bother it. The stink beetle sprays its molesters with
a foul-smelling liquid.

Figure 13.18. South American Tree Frog. Sometimes these are
called Arrow Poison Frogs. Indigenous people in South America
rub their arrow tips on the skin of these frogs. The poison from the
frog's skin aids the arrow in killing its target. Why do you think this
frog is so brightly colored?
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13.8 Summary comments on the usefulness of molecular
adaptations

It is clear that living things have many uses for the
products of biosynthesis. This is why I am interested in
molecules. I am not particularly concerned about their
complex three-dimensional structures or how many
carbons and hydrogens they have. Those are the
interests of biochemists and molecular biologists.
Planetary biology theory does not see any molecule as
inherently interesting. Molecules deserve our attention
only in the sense that they help expose how a planet
with life works.

Ironically, the molecules discussed in this chapter have
no direct influence on the planetary surface
environment. Most of them are the products of deep
biosynthesis. So why would a planetary biologist be
interested in them? Because they have helped increase
the overall abundance of life on Earth. They have
helped life construct larger and more robust organisms.
They have helped different kinds of living things survive
in different kinds of environments. As life has spread
and become more abundant on planet Earth, it
eventually achieved planet-changing stature.

Although certain molecules have helped support the
development of large plants and animals, they have not
done so without some organization. We are not a freely
mixed soup of chemistry. The molecules of life are
produced and arranged in discrete living packages
called living cells – the next level of biological
organization. Cells have their own suite of adaptations.
And we are obliged to consider them as we continue our
quest to understand how Earth and worlds with life
work.


